ABSTRACT. A number of studies have indicated that the emphasis on low shear rate viscosity and rouleaux-related pherheologic properties of neonatal blood are different from nomena. those of the adult. The frequent administration of blood components to the neonate during intensive care make it important that these differences be established and their MATERIALS AND METHODS causes understood. The purpose of this study was to make a detailed comparison of the rheologic properties of nee-
Blood was obtained from healthy adults by venesection, natal and adult blood, with particular emphasis on low and from the umbilical vein of neonates immediately after shear rate viscosity and rouleaux-related phenomena. The clamping of the cord at delivery. In each case, it was anticoaguviscometric data was obtained from seven preterm (PT) lated with 12.5 U/mL of heparin. The babies were all born and l8 term (NT) babies and with those vaginally and did not require resuscitation. They were of normal l8 (A)-In the present study, "iscometry was wt for gestation age. There were too few preterm babies to group performed Over a wide range Of shear rates, O a 3 them according to gestational age, which ranged from 24 to 35 130 s-', and the low shear rate data were with wk, thus all babies of less than 37 wk were classified as preterm. direct measurement of rouleaux formation using the MY-he adults had an age range of 24 to 50 y with a median age of renne Erythrocyte Aggregometer. A major factor leading 30. to the viscometric differences observed was the high hem-1, a pilot survey, the rheologically important variables-hematOcrit in the newborn (46.8 + 2.1% PT, 52.8 + atocrit, plasma viscosity, and plasma fibrinogen concentration-6-1% NT, 44-1 * 2.5% A 40.5 + A females)-were compared between pre-and normal term babies and adults.
ow ever, this tended to be compensated for by the lower This was followed by a more comprehensive hemorheologic plasma (Iso5 * 0.07 mPas PT, * 0-14 mPas study that included the measurement of blood viscosity over a NT,
* O e o 8 mPas A-n0 sex difference) and reduced wide range of shear rates. These viscometric studies were made rOuleaux in the and more according to the ICSH Guidelines (7) on blood at native hemamarked in the preterm baby. The lowered levels red tocrit and, after adjustment by adding or subtracting autologous aggregation were found not to be due to cellular differences plasma, at 45%. The hematocrit was measured by microcentribetween the adults and the babies but rather to differing fugation without correction for trapped plasma,
plasma
The presence the fetal variant In some experiments, washed cells were used. The cells were fibrinogen and low levels of immunoglobulins, especially washed, by alternate centrifugation and aspiration of supernaIgM and IgA, are likely be particular imp0rtance. tant, using isotonic PBS. The cells were finally suspended at a (Pediatv Res 25457-460, 1989) hematocrit of 45% in PBS or PBS containing adult human fibrinogen (Kabi Pharmaceuticals, Stockholm, Sweden).
Fibrinogen concentration. Fibrinogen concentration was measured using a thrombin clotting technique (8) . A number of studies have shown that the viscometric properViscosity measurements. Viscosity measurements were made ties of blood from the neonate are generally different from those using a COntraves LS30 ViscOmeter A G, Zurich, of the adult (1-4). In part, this is due to the higher hematocrit Switzerland) with a 1 + I bob-in-cup system. 1n all cases, the common in the newborn (1) and the lower plasma viscosity (2, viscosity of the cell suspension was measured first, then the 3). Furthermore, it has been reported that rouleaux formation is suspending phase was separated by centrifugation and its viscosalso reduced in the newborn (5) , and this should lead to reduced ity measured On the instrument. low shear rate viscosity (6) . However, viscometric studies to date Index of aggregation. An %gregometer (Myrenne have been done at too high a shear rate for rouleaux effects to GmbH, ROetgen, West Germany) was used provide an index be obvious, and little information is available to explain the of aggregation (9) . This is based on a transparent cone-on-late reduced rouleaux formation in the blood of the newborn. The v~~c~m e t e r head through which a light beam passes. he sample purpose of this study was to make a detailed comparison of the in the gap is subjected.to high shear to disrupt any cellular rheologic properties of neonatal and adult blood, with particular aggregates present. It is then subjected (M Or low shear rate, c 3 s-', (M1 mode). During this second phase, the grouDs (12) . The major factor in adult blood which leads to Hematocrit, plasma viscosity, and fibrinogen. The most important determinants of blood viscosity are hematocrit, plasma viscosity and plasma fibrinogen concentration, hence a survey was made of these. The adult hematocrit data were divided as a function of sex; none of the other data showed any sex differences, so these were combined. They are shown in Table 1 . The hematocrits of the two baby groups were not significantly different, but both were different from the adult groups. The plasma viscosities were all significantly different, increasing from preterm to term babies to adults. The fibrinogen concentrations increased in a similar fashion, but only the adult level differed significantly from the other two.
Whole blood viscosity. Full scans of blood viscosity at native hematocrit were performed over a shear rate range from 0.277 s-' to 128.5 s-' on several subjects chosen at random. The mean data for each group are plotted in Figure 1 . A statistical comparison was also made between the viscosity data of both baby groups and a broader adult group at the extreme shear rates. The --numerical data used are shown in Table 2 .
The hematocrits of all the groups were significantly different as were the low shear rate viscosities. At high shear rate, the situation was different in that the viscosities of the preterm babies and female adults were similar; otherwise, the same pattern persisted.
Hematocrit-corrected blood viscosity. To remove the effects of hematocrit differences between the groups, the samples were adjusted to a hematocrit of 45% and the viscosity redetermined. This had little effect on the shape of the viscosity curves shown in Figure 1 , but it did move them relative to one another. In particular, the adult viscosity values, at all shear rates, now became significantly higher than those of the term babies, and these higher than the preterm data. This is illustrated in Table 3 , where viscosity values at the extreme shear rates are shown. No significant differences were found between the adult male and female data (after hematocrit adjustment) and so these were combined in Table 3 .
Relative viscosity. Plasma viscosity has a substantial role to play in influencing blood viscosity (lo), and, as shown in Table  1 , significant differences in plasma viscosity exist between the groups under study. This effect of plasma viscosity can be largely removed by calculating the relative viscosity (1 1) given by: blood viscosity at 45% hematocrit/plasma viscosity Effectively, this term gives, at the same hematocrit for each group, the viscosity characteristics of the cellular compartment alone.
This manipulation was performed on the data of Table 3 , and the results are shown in Table 4 . There are now no differences between any of the groups at high shear rate. However, at low shear rate, the differences persist.
Low shear rate viscosity andfibrinogen. The differences in low shear rate viscosity between the groups shown in Tables 2-4 even after hematocrit and plasma viscosity correction, are strongly indicative of different levels of rouleaux formation between the -A , , rouleaux formation is fibrinogen (6); hence the low shear rate data of the groups were plotted against fibrinogen as shown in Figure 2 . The preterm group was not included as the data points were too few, and too closely packed, to allow a trend to be observed. Linear regression analysis was applied to the data, and the correlation coefficients are shown in the legend to Figure 2 .
The adult viscosity data show a significant positive correlation with fibrinogen concentration, but the neonatal data do not. This indicates a stronger response to fibrinogen in the adults. Further, it can be seen that at any given fibrinogen concentration the adults exhibit a higher relative viscosity.
Myrenne erythrocyte aggregometer data and fibrinogen. The indices of aggregation produced by this instrument were measured in the adult and neonatal groups and compared with their fibrinogen concentrations. The data are plotted in figure 3 . Again there were too few data points for the preterm infants to be included. Linear regression analysis was performed on the data and the correlation coefficients are shown in the legend to Figure   17 d .
The adult M mode data show a significant positive correlation with fibrinogen; the neonatal data do not. Both sets of data shown a positive correlation in the M 1 mode, but even here the adult data vary significantly more with fibrinogen than those from the neonates. This again indicates that there is a stronger response to fibrinogen in the adult. Also, it can be seen in Figure  3 that at any fibrinogen level the adult reading in both the M or M 1 modes is greater than that of the babies.
Washed cell studies. To see if cellular differences might account, at least in part, for the differences seen in Table 4 and Figures 2 and 3 , studies were made of washed cells suspended in PBS to which were added increasing amounts of adult fibrinogen. The only differences in these preparations, therefore, were the concentration of fibrinogen and the presence of adult or neonatal cells. In each case, low shear rate viscosity was measured at 45% hematocrit, then the supernatant viscosity was measured. The data are plotted as relative viscosity against fibrinogen concentration in Figure 4 . There is no discernible difference between the data sets.
DISCUSSION
It has been known for some time that the rheologic properties of neonatal blood are different from those of the adult and that there is a variation with gestational period (1-4) . There are a number of reasons for this: one is the high hematocrit that is common in the neonate (13) , another is the lower neonatal plasma protein concentration which leads to a reduced plasma viscosity (3). The mechanical properties of the red cell could also have a role to play, and neonatal cells are generally larger than those of the adult (13) . However, erythrocyte deformability is unlikely to be important, as Linderkamp et al. (14) found little difference between adult and neonatal cells of similar vol. A further cellular factor, however, is rouleaux formation, which has been reported to be much lower in neonatal compared with adult blood ( 5 ) . This should have the effect of lowering blood viscosity at low shear rate (12) . In this study, an attempt has been made to elucidate further the causes of the differences between adult and neonatal hemorheology, especially in the relatively unstudied low shear rate region.
The data of this study have shown ( Fig. 1 and Tables 2-4) that native blood from the neonate differs viscometrically from that of the adult. In particular, the normal term baby shows higher viscosity at all shear rates. However, it also confirms (Table 1) findings from elsewhere (13) that babies generally have significantly higher hematocrits, which must have rheologic consequences. When the hematocrit effect was removed by making viscosity measurements at a common hematocrit (45%), the viscosities of the groups studied were different at all shear rates, increasing now from preterm to term babies to adults.
Part, at least, of the remaining difference must relate to the significant variation in plasma viscosity reported between adults and neonates (2, 3) , and confirmed here (Table I) . When the effect of this is removed by calculating relative viscosity (Table  4) , it is found that the differences between the groups disappear in the high shear rate region, i.e. greater than about 6 s-I. This indicates that the high shear rate differences in whole blood viscosity between the groups are due solely to variations in hematocrit and plasma viscosity and that cell size and deformability are of little importance. However, at low shear rate (1.e. below 6 s-I), differences between the groups still persist and are indicative of differences in the degree of rouleaux formation (12) .
It is well known that, in the adult, fibrinogen (6) is the main factor causing rouleaux formation. Thus the correlation with plasma fibrinogen of the indices of aggregation used here, i.e. low shear rate viscosity and the Myrenne erythrocyte aggregometer readings, were studied for each group. These make it clear, as reported elsewhere ( 5 ) , that neonatal erythrocytes have a lower aggregating tendency than adult cells each in their own plasma. However, the data of Figures 2 and 3 show that this is so even when the fibrinogen levels are the same. Furthermore, these results indicate that babies' cells respond less strongly at a given fibrinogen concentration than do adult cells. Hence variations in fibrinogen concentration between the groups cannot explain the results.
There are several possible reasons for these findings: I ) the neonatal cells have inherently reduced rouleaugenic properties; 2) alterations in aggregating components in the plasma; 3) both of these. To throw light on the first, low shear rate characteristics of washed adult or neonatal cells suspended in PBS with added adult fibrinogen were compared (Fig. 4) . No significant differences were observed, and this corresponds to data obtained by Linderkamp et al. (5) , who used dextran as the aggregating agent.
This suggests that the differing cellular aggregating potential of the groups studied here is due entirely to differences in the protein make-up of the plasma.
It is known that a fetal variant of fibrinogen exists that is characterised by an enhanced sialic acid content by comparison with the adult form (15) . Evidence exists suggesting that the charge on the fibrinogen molecule can affect its interaction with the red cell surface (16) and in particular that desialated fibrinogen adsorbs more to the red cell than the native form (17) . Thus it is to be expected that the extra, charged sialic acid on fetal fibrinogen will have the reverse effect, i.e. reduce the cellular interaction and hence its rouleaugenic action. However, there is great overlap between the sialic acid contents of adult and fetal fibrinogens (15) , so this is unlikely to be the complete answer. The other possibility is low concentration of aggregating proteins apart from fibrinogen. A number of plasma proteins have rouleaugenic capabilities, albeit less than that of fibrinogen itself, e.g. IgM, IgA, IgG, and 02-macroglobulin (1 8-20) . What is more, they seem to be able to potentiate the effects of fibrinogen (21) . This is probably of relevance here because IgM and IgA levels are extremely low in the newborn (22) . Hence the low level of rouleaux formation, and the low viscosity at low shear rate that it brings with it, is probably due to the presence of the fetal variant of fibrinogen and the low concentration of some immunoglobulins. It could also explain the variation of low shear rate relative viscosity with gestational age.
There are a number of fairly common clinical conditions in neonatology where manipulation of blood composition is an accepted form of therapy. These include exchange transfusion for blood group incompatibilities, hemodilution for the hyperviscosity syndrome secondary to polycythemia, and circulatory support in conditions of reduced blood vol. In all of these, adult blood products may be used either as whole blood, fresh frozen plasma, or albumin infusions. The data reported above indicate that disturbing the neonatal plasma environment with adult blood products may have a significant effect on neonatal hemorheology that may not be beneficial. It is important that these effects be investigated and quantitated.
